The multiple origins of eukaryotic chromosomes vary in the time of their initiation during S phase. In the chromo somes of Saccharomyces cerevisiae the presence of a func tional telomere causes nearby origins to delay initiation until the second half of S phase. The key feature of telomeres that causes the replication delay is the telomeric sequence (C1-3A/G1-3T) itself and not the proximity of the origin to a DNA end. A second group of late replicating origins has been found at an internal position on chromo some XIV. Four origins, spanning ~140 kb, initiate repli cation in the second half of S phase. At least two of these internal origins maintain their late replication time on circular plasmids. Each of these origins can be separated into two functional elements: those sequences that provide origin function and those that impose late activation. Because the assay for determining replication time is costly and laborious, it has not been possible to analyze in detail these 'late' elements. We report here the development of two new assays for determining replication time. The first exploits the expression of the Escherichia coli dam methylase in yeast and the characteristic period of hemimethylation that transiently follows the passage of a repli cation fork. The second uses quantitative hybridization to detect two-fold differences in the amount of specific restric tion fragments as a function of progress through S phase. The novel aspect of this assay is the creation in vivo of a non-replicating DNA sequence by site-specific pop-out recombination. This non-replicating fragment acts as an internal control for copy number within and between samples. Both of these techniques are rapid and much less costly than the more conventional density transfer experi ments that require CsCl gradients to detect replicated DNA. With these techniques it should be possible to identify the sequences responsible for late initiation, to search for other late replicating regions in the genome, and to begin to analyze the effect that altering the temporal program has on chromosome function.
INTRODUCTION
Human chromosome bands appear to correspond to temporal replication domains: Giemsa-dark bands replicate late in the S phase while Giemsa-light bands replicate in the early portion of S phase (Holmquist et al., 1982) . There are -1,000 bands distributed over the human genome (Drouin et al., 1991) sug gesting that the average band contains ~3 megabases of DNA. Late replicating bands could be origin-free regions located at a distance from early-activated origins, or could contain origins that do not begin replication until late in S phase. Because of their large size, it seems unlikely that the late bands are originfree regions. Instead, it has been proposed (Hand, 1978) that late domains contain sets of origins which are activated for replication late in S phase in response to an unknown trigger.
The interspersion of early and late replication domains is a conserved feature of eukaryotic chromosomes. This conserva tion extends to the yeast Saccharomyces cerevisiae which has chromosomes that are, on average, smaller than single bands of a human chromosome. The first evidence for a temporal program of replication initiation in yeast was derived from experiments that examined the time in S phase when a mutant allele was maximally sensitive to reversion to wild type by a mutagen that acts upon replicating DNA (Burke and Fangman, 1975; Kee and Haber, 1975) . Different genetic loci were found to have different but reproducible maximum times for muta genesis during a synchronous S phase. These studies were tan talizing but incomplete because the locations of origins were not known: the late replicating loci might have been at some distance from early activated origins or they might have been near late activated origins. The identification of sequences that permit the autonomous replication of plasmids in yeast (autonomous replication sequences or ARSs; Stinchcomb et al., 1979) and the later confirmation that they serve as origins of replication in yeast chromosomes (Huberman et al., 1988; Ferguson et al., 1991b; Deshpande and Newlon, 1992) have allowed a re-examination of the temporal program in yeast.
A direct measure of when a DNA sequence replicates can be obtained by performing Meselson/Stahl density transfer experiments on a culture of cells that passes through S phase in synchrony (Fangm an et al., 1983) . Since w ild-type yeast cannot utilize thym ine or its dense analog brom odeoxyuracil, the m ethod o f choice for density label is a com bination of dense carbon ( [ l3C ] glucose) and dense nitrogen (([15N ]H 4)2S 0 4 ). Cells grow n for m ore than seven generations in m inim al m edium with only these com pounds as sources of nitrogen and carbon will fully substitute their DNA with these isotopes and have a density in CsCl that is approxim ately 0.027 g/cm 3 denser than D N A com posed o f the light isotopes 12C and 14N (Zakian et al., 1979) . Synchrony is im posed on the culture w hile it is still in dense m edium by incubation with the m ating pherom one a -fa c to r w hich arrests the cells at 'S T A R T ' o f the cell cycle (Pringle and H artw ell, 1981) . W hen the cells have acquired the characteristic 'shm oo' phenotype o f arrested cells, the dense m edium is rem oved and replaced w ith light m edium . To achieve m axim um synchrony, the cells, once they are resus pended in light m edium , are incubated at 37°C, the restrictive tem perature for the cdc7's m utant allele. The lack o f a func tional C D C 7 kinase causes the cells to arrest at the G i/S -phase boundary; secondarily, this incubation period perm its the nucleotide pools to equilibrate so that w hen the cells enter S phase they w ill incorporate only light nucleotides. O nce the cells have acquired a budded phenotype, indicating they have recovered from the a-fac to r arrest and have now prepared for entry into S phase, the culture is returned to the perm issive tem perature (23°C) and a synchronous S phase ensues. At regularly spaced, close intervals cell sam ples are harvested for D N A analysis.
Tim e o f replication in a synchronous density transfer experi ment is assessed by asking when during S phase a particular restriction fragm ent becomes hybrid in density, that is, consists o f one dense strand and one light strand (M cCarroll and Fangman, 1988) . DNA samples from each tim e point are cleaved with a restriction enzym e (often £coR I) and then centrifuged to equilibrium in a gradient o f CsCl. Fractions are collected from these gradients, denatured, and filtered onto m em brane sheets. Any fragment o f interest can be detected by hybridization to a radioactive cloned probe. Each tim ed sam ple is treated similarly. In the earliest sample, all o f a particular fragm ent is found in the heavy peak o f the CsCl gradient, and by the end of S phase, all o f that fragm ent is found in the hybrid peak. If cells w ere in perfect synchrony, a fragm ent w ould suddenly shift to the hybrid position in the gradient imm ediately after its replication. However, experim entally the cells are not precisely synchro nous. There is a period of tim e in S phase over which a fragm ent gradually appears in the hybrid peak. The tim e in S phase when half of the cells have replicated the fragm ent is called the T rep and it is this value that is used for com paring the replication time o f different D N A fragments. The times o f replication for four ARS elem ents, found on four different yeast chrom osom es, are show n in Fig. 1 . Because each o f these A RSs is an efficiently utilized chrom osom al origin o f replication (Brew er and Fangm an, 1993; Collins and Newlon, 1994 ; J. D. Diller, B. J. Brew er and W. L. Fangman, unpublished observations), w e can conclude that there is indeed a tem poral program o f origin acti vation in yeast chrom osom es. Even though each origin has a unique Trep, for the sake of discussion they will be grouped into the two categories: ARS305 and ARS1, replicating in the first h alf o f S phase, will be called early activated origins, and ARS501 and the KEX2 ARS, replicating near the end of S phase, will be called late activated origins.
T o gain an overview o f the tem poral regulation o f chrom o som al dom ains w e have exam ined the replication tim es of specific chrom osom al elem ents; telom eres and centrom eres. W e exam ined restriction fragm ents containing 11 o f the 16 centrom eres and find, in general, that they replicate in the first h alf o f S phase (M cC arroll and Fangm an, 1988) . Even though we do not know the location o f the neighboring origins for each o f these centrom eres, w e can nevertheless conclude that yeast centrom eres lie in dom ains that contain early activated origins. Telom eres, on the other hand, replicate late in S phase. Func tional telom eres in yeast are com posed o f approxim ately 300 500 bp of the sim ple repeating sequence C 1-3A /G 1-3T (Zakian, 1989) . M ost telom eres also have subtelom eric repeats called Y ' and X w hich are 6.7 and 0.3 kb, respectively. Both the Y ' and X sequences contain ARS elem ents and Y ' A R Ss have been show n to function as chrom osom al origins (Ferguson et al., 1991b) . These results paint a sim ple picture o f the tem poral replication dom ains for yeast chrom osom es: a central, early dom ain that contains the centrom ere and tw o telom eric late dom ains that contain origins o f replication that are activated late in S phase. Therefore, on a very sm all scale yeast chro m osom es also appear to be com posed o f early and late repli cating 'b an d s'.
T he picture that is em erging for tem poral regulation in yeast chrom osom es raises three questions: ( 1 ) w hat causes som e origins, like the KEX2 ARS, A RS501, and the Y ' ARS, to be late replicating? (2 ) do all yeast chrom osom es conform to the sim ple picture o f dom ain organization or are there internal regions of late replication that lie betw een early replicating regions, as are found in m am m alian chrom osom es? (3) w hat purpose does the tem poral program o f replication have for chrom osom e integrity or m aintenance?
The nature of LATE origins T here are tw o sim ple explanations for late activated origins: either these origins differ intrinsically from early activated origins and contain sequences that dictate tim e o f initiation as Time in S phase (min) an integral part of the sequences that define origins, or the origins are influenced by extrinsic, separable sequences that dictate, over some distance, their late time of initiation. In the former case, if a late origin is moved to different chromoso mal or plasmid locations it should maintain its late time of acti vation. In the latter case, an origin would fall under the influence of whatever local chromosomal features define early or late domains. To distinguish between these two explana tions, a series of transplantation experiments have been carried out on ARS501 and ARS1. W hen ARS1 is moved to within 6 kb of ARS501 on the right arm of chromosome V, 25 kb from the telomere, it shifts in its time of replication from early to late (Ferguson and Fangman, 1992) . In this position, the two closely spaced ARSs share the responsibility for replicating this chromosomal region in that one or the other but not both ARSs function as an origin on any given chromosomal molecule (Brewer and Fangman, 1993) . ARS1 clearly did not bring an 'early' determinant with it when transplanted. ARS501, with -1 6 kb of flanking chromosomal sequence, was cloned onto a plasmid and returned to yeast by transformation. In this autonomous state ARS501 was found to initiate repli cation early in S phase (Ferguson and Fangman, 1992) . Whatever causes ARS501 (and/or ARS1 when it is located nearby) to initiate late in S phase, it is not physically part of the ARS or within several kilobase pairs of the ARS. While there could have been many factors located throughout this region of the chromosome that contribute to the late replica tion of these origins, we chose to test the one unique and obvious feature of this chromosomal region, the telomere. Since telomeres and the Y ' elements that are associated with many of them are late replicating, we considered the possibil ity that the telomere, 30 kb distal from ARS501, was somehow dictating the time o f initiation at ARS501. To test this hypoth esis, the circular plasmid containing ARS501 was linearized in vitro, C 1-3A /G 1-3T sequences were ligated onto the ends of the linear DNA molecule, and the linear minichrosome was rein troduced into yeast. The linear minichromosome replicated late (Ferguson and Fangman, 1992) . We and others have subse quently shown that other origins, regardless of their normal time of replication, can fall under the spell of the telomeres and become late replicating when located on linear minichromo somes (Raghuraman et al., 1994; W ellinger et al., 1993) .
Three changes occurred in the ARS501 plasmid in going from the original early replicating version to the late replicat ing version. First, telomeric sequences (C 1-3A /G 1-3T) were added to the plasmid; second, the plasmid was converted from a circular DNA molecule to a linear DNA molecule; and third, functional telomeres were created on the linear minichromo some. To distinguish among these three possibilities as being the causative agent of late initiation, a series of additional plasmid constructs were made and assayed for their time of replication by synchronous density transfer experiments. A plasmid with an HO endonuclease site and a galactoseinducible version of the HO endonuclease gene was introduced into yeast (Raghuraman et al., 1994) . The expression of the HO endonuclease was induced by incubation in galactose while the cells were arrested in the Gi phase of a synchronous density transfer experiment. In vivo cleavage at the HO site on the plasmid converted the circular molecule to a linear version without the addition of telomeric sequences or functional telomeres. Upon release of the cells into S phase, the plasmid replicated early in S phase (Raghuraman et al., 1994) . This result indicates that the linearity of the molecule was not the causative agent for late initiation. A single tract of telomeric sequences inserted in a circular plasmid had little effect on the time of replication (Ferguson and Fangman, 1992) . In this plasmid construct the telomeric tract was no closer than -8 kb from the origin. In subsequent plasmids, two copies of inverted telomeric tracts placed within -1 kb of the origin were found to impose late initiation on the origin (M. K. Raghuraman, B. J. Brewer and W. L. Fangman, unpublished observations). We conclude from these experiments that a functional telomere can delay the initiation at origins up to 30 kb away, that linearity alone is not sufficient, and that internal C 1-3A /G 1-3T (non-func tional telomeres) can impose a similar delay on origin activa tion over much shorter distances.
Internal late-replicating chromosomal domains
The KEX2 ARS, on the left arm of chromosome XIV, is a late activated origin but is over 2 0 0 kb from the closest telomere (J. D. Diller, B. J. Brewer and W. L. Fangman, unpublished observations). Since the smallest chromosome is 225 kb and still has an early replicated centromeric region (McCarroll and Fangman, 1988) , it seemed unlikely that the late activation of the KEX2 origin was caused by the telomere. To ask if the late activation of the KEX2 origin is dependent on the presence of the telomere in cis, a 16 kb clone containing the KEX2 origin region was assayed for replication time as a circular plasmid. In this context the KEX2 origin was found to maintain its late activation time (J. D. Diller, B. J. Brewer and W. L. Fangman, unpublished observations). In contrast, a plasmid with a much smaller insert (3 kb) containing the KEX2 origin initiated repli cation early in S phase (J. D. Diller, B. J. Brewer and W. L. Fangman, unpublished observations). Hybridization with a C 1-3A /G 1-3T probe indicates that there are no telomere-related sequences in the vicinity. It would appear that there is a second type of late-determinant, distinct from the telomere, found near the KEX2 origin.
The late replication of the KEX2 origin, more than 200 kb from the telomere, suggested that this might be a place to look for an internal domain of late activation. To characterize the domain further we have undertaken a chromosome walk in the vicinity of the KEX2 origin to identify the flanking origins and to determine their time of replication initiation. Three addi tional origins have been identified in a 140 kb contig (K. L. Friedman, B. J. Brewer and W. L. Fangman, unpublished observations). Each of these origins appears to be late repli cating (K. L. Friedman, B. J. Brewer and W. L. Fangman, unpublished observations). We are continuing the walk out toward the telomere in hopes of identifying intervening early origins of replication. One of these late origins has been tested on plasmids and results similar to the KEX2 origin have been found, that is, the origin is late replicating if the insert contains 14 kb of flanking sequence, but is early replicating if it contains only a 1.5 kb insert (K. L. Friedman, B. J. Brewer and W. L. Fangman, unpublished observations). Like the KEX2 origin, this new origin also appears to have one or more late elements in the sequences that flank it. The nature of the sequences responsible for late activation are still to be elucidated.
The role of the temporal program
The regular precision with which the temporal program is executed in each cell every cell cycle, along with the conser vation of the interspersed early and late replicating domains in syntenic regions of chromosomes from different mammalian species (von Kiel et al., 1985) , suggest that the temporal organ ization of replication is important. For what aspect of chromo some function is it important? In yeast there is the opportunity to study the role of the temporal program because of the possi bility of isolating mutants or chromosomal rearrangements that might alter it. The observation in yeast that centromeres replicate earlier than the telomeres has led us to speculate that this pattern of replication would provide an opportunity for sister chromatids to become attached at their kinetochores while they are still held in close registry by their unreplicated terminal segments (Ferguson et al., 1991a) . If this idea were true then making a chromosome with only early domains or moving the centromere into a late domain might lead to an increase in chro mosome loss. A circular version of chromosome III that lacks telomeres is lost at a much higher rate than its linear counter part (Hieter et al., 1985) . From surveying replication times along chromosome III we have found that the only regions of significant late replication are the telomeres (Reynolds et al., 1989) . If deletion of the telomeres in the circular derivative does not change the temporal program of the rest of the chromosome, then the circular chromosome III would be entirely early repli cating. Similarly, telocentric versions of natural chromosomes are lost at a rate that is approximately 3-5-fold higher than the metacentric normal versions of the chromosomes (reviewed by Newlon, 1988) . Moving the centromere to the telomeric region would most likely cause late replication of the centromere. In both of these chromosomal rearrangements, gross changes in chromosome structure have occurred. W e would like to be able to affect the replication time of the centromere as it resides in its normal location on a linear chromosome and ask what effect this change has on chromosome stability. If the late elements from the KEX2 region of chromosome XIV function when moved into new chromosomal domains, we would be in a position to carry out this test of the role of the temporal program in chromosome function.
New strategies for determining time of replication
The determination of replication time by synchronous density transfer experiments is expensive and time consuming. To map and dissect the internal late elements and to dissect the mech anisms by which telomeres and other elements influence late initiation, we need to be able to assay rapidly a large number of plasmid and chromosomal constructs. In addition, a rapid screen for late replication would facilitate both the identifica tion of new, late replicating regions and the characterization of chromosomal rearrangements that potentially might alter the temporal program. We have been exploring two new methods for determining replication times that avoid dense isotopes and CsCl gradients, and instead rely on quantitative Southern hybridization. 
MATERIALS AND METHODS

Strains
Excision
The site specific recombination system from Zygosaccharomyces rouxii was used to create an ARS-less DNA circle in vivo. The R-recombinase under the control o f a GAL1 promoter was integrated into chro mosome m by first removing the EcoRl fragment containing the 2-|i.m origin from plasmid pHM153 (Matsuzaki et al., 1990) and then cleaving the resulting integrating plasmid with Clal to target it to the LEU2 locus. A Leu+ transformant was then used as a recipient for targeted gene replacement of a pop-out cassette from plasmid p252-KT-DIR (Fig. 2) . The features of the pop-out cassette include the TRP1 gene for selection in yeast, the KanR gene to provide a potential non-yeast sequence for hybridization analysis, directly repeated R-sites on either side of the TRP-Kan sequences, and flanking chromosome V sequences to provide a target for gene replacement. Leu+ Trp+ transformants were analyzed by Southern hybridization to confirm the presence of both constructs. Excision of the TRP-Kan sequences as a circle was induced by growth in galactose. To generate the popped-out circle in synchronized cells the culture was grown in synthetic complete medium with acetate (1%) as the carbon source and arrested at START by treatment with a-factor. At the arrest, galactose (2%) was added to induce synthesis of the Rrecombinase and the culture was incubated a further 2.5 hours. Glucose (2%) was added to repress further expression of the R-recombinase, the a-factor removed by pronase addition, and the culture was transferred to 37°C for arrest at the Gi-S phase boundary. After 2.5 hours at the restrictive temperature, the culture was transferred back to 23 °C and samples of 6 x l0 7 cells were harvested every 3 minutes during S phase. DNA was isolated as described above and aliquots of DNA, cleaved with EcoRl, were separated on a 0.7% gel. The Southern blot of the gel was hybridized with a mixed probe o f the 1.45 kb EcoRl TRP1ARS1 fragment and the 3.7 kb R11 fragment described above. Hybridization to the chromosomal TRP1ARS1 fragment, the linearized pop-out fragment, and the chromosome V sequence were quantitated by phosphor imaging.
RESULTS
Hemi-methylation as an indicator of replication time
Unlike the DNA of higher eukaryotes, the DNA o f S. cere visiae does not contain methylated bases. The dam methylase from E. coli can be expressed in yeast and leads to the modi-lated sites are detectable in vitro by cleaving genom ic DNA with the m ethyl-sensitive enzym e D pn\. F or cleavage, D pn\ requires m ethylation o f the adenines on both strands o f the G A TC recognition sequence; nonm ethylated and hem i-m ethylated G A TC sequences cannot be cleaved with D pn\. In E. coli there is a period o f tim e im m ediately after the replication fork passes through a region o f the chrom osom e that the GA TC sites in that region are hem i-m ethylated and therefore insensi tive to cleavage in vitro by D pn\ (Lu et al., 1994) . T he appear ance o f D pn\ resistant sites is therefore an indicator that the sequences have ju st been replicated. This logic can be applied to the study o f replication in yeast by looking for the D pnl insensitive period for various restriction fragm ents from yeast chrom osom es.
A strain o f yeast containing m ultiple copies o f the dam m ethylase was synchronized and D N A sam ples w ere isolated at different tim es in S phase. The D NA w as cleaved with EcoRI so that specific fragm ents could be analyzed by S outhern hybridization. The E coR I fragm ents were then cleaved w ith D pnl and separated on a gel. In a strain lacking the m ethylase, only the EcoRI fragm ent w ould be detected by the probe; how ever, the EcoR I fragm ents from cells that contain the dam m ethylase produce m ultiple hybridizing bands after cleavage with D pnl (Fig. 3) . No appreciable full length EcoR I fragm ent rem ains in cells arrested in Gi (second lanes o f Fig. 3A and B) . As cells progress into S phase, the low er m olecular mass bands produced by D pnl cleavage disappear and the full length E coR I fragm ent predom inates. A fter repli cation, the G A TC sites reacquire their fully m ethylated status and the full length EcoR I fragm ent again becom es susceptible to D pnl cleavage. Fig. 3A show s the D p n l sensitivity for a 2.85 Fig. 3 . Dpnl resistance of newly replicated DNA. DNA harvested at the indicated times after return to the permissive temperature for the cdc7's mutation was cut with EcoRI (A and B, first lane) or EcoRI and Dpnl and probed with the 2.85 kb ARS1 adjacent fragment (A) or the 3.7 kb R 11 fragment (B). Appearance of the full length EcoRI fragment during S phase is indicative o f hemimethylation resulting from replication fork passage. To quantitate the amount of full length EcoRI fragment in each sample the Southern blot was analyzed by phosphor imaging. The fraction of the total hybridizing material in the lane that corresponds to the full length fragment was determined for each lane. The lane containing the highest fraction of full length fragment was identified, that fraction assigned a value of 1, and used to normalize the fraction of EcoRI fragment in the other lanes. fication o f G A TC sequences (H oekstra and M alone, 1985) . The accessibility o f G A TC sites to the m ethylase is variable, probably reflecting local variability in chrom atin structure (H oekstra and M alone, 1985; W right et al., 1992) . The m ethy Fig. 4 . Replication timing by comparative hybridization. Cells containing the chromosome V KT-DIR construct were arrested in Gi by incubation in a-factor. The 2.9 kb ARS-free fragment was excised as a circle and the cells were advanced to the G1-S phase boundary. The cells were released into S phase and samples were collected at 3 minute intervals for analysis by Southern hybridization. Top: an autoradiogram o f a Southern blot shows ficoRI cleaved DNA hybridized simultaneously with a TRP1ARS1 probe, which detects the 1.45 kb chromosomal fragment containing A R S 1 and the 2.9 kb non-replicating excised copy o f TRP1, and R 1 1, which detects a 3.7 kb, late-replicating sequence on chromosome V. Bottom: bands seen in the blot were quantitated by phosphor imaging. The plot shows hybridization to ARS1 or R 1 1 relative to the non replicating fragment, normalized to the value for the 0 minute sample. T im e in S p h a s e (m in ) kb E coR I fragm ent adjacent to ARS1 on chrom osom e IV. By quantitating the proportion o f signal present in full length fragm ents as a function o f tim e in S phase, it can be seen that by 20 m inutes into S phase, the m ajority o f cells have repli cated this ARS 1-adjacent fragm ent (Fig. 3C) . The m em brane w as stripped and reprobed for the ZscoRI fragm ent R 11 near ARS501 on chrom osom e V (Fig. 3B) . The high density of G A TC sites w ithin this 3.7 kb fragm ent m akes it difficult to account for all o f the D pnl sensitive sites; how ever, by focusing on the D pnl resistant 3.7 kb fragm ent it is clear that the m axim um resistance to D pnl occurs betw een 35 and 40 m inutes (Fig. 3B and C) . The tim es o f m axim al resistance to D p n l cleavage for these two EcoR I fragm ents correlates well w ith the T repS for these sam e fragm ents m easured in density transfer experim ents (Ferguson et al., 1991b) .
C om parative hybridization to a non-replicating frag m ent as an indicator of replication tim e G j cells contain a single copy o f all o f their chrom osom al DNA fragm ents; G 2 cells contain tw o copies. D uring S phase there is a distinct interval over w hich the cell m akes this quantum leap for each fragm ent o f the genom e. The tim e at w hich the fragm ent doubles in copy num ber could be used as an indicator o f replication time. D etecting the 2-fold increase in copy num ber for specific restriction fragm ents is fraught with problem s in quantitation. A nalysis o f hybridization signals by phosphor im aging im proves the reliability o f the num erical data; how ever, there is still the problem o f internal controls, not only a control to assure that the loading o f gel lanes is com parable, but also an internal control for copy num ber determ i nations. The ideal control w ould be a portion o f the genom e that does not replicate. W ithin a DNA sam ple all other fragm ents could then be norm alized against this DNA that does not change in copy num ber. This D NA could also be used for com parisons betw een sam ples. The problem is that such a non replicating fragm ent is not usually available. W e have adapted the site specific R -recom binase system from Zygosaccharom yces rouxii (A raki et al., 1992) to generate a non-replicat ing DNA m olecule in cells ju st as they are about to enter S phase. T he system consists o f a site-specific recom binase under control of the GAL1 prom oter, and 60 bp target sites flanking an excision cassette.
T he R -recom binase system w as first exploited by O shim a and co-w orkers (M atsuzaki et al., 1990) to engineer site specific chrom osom al rearrangem ents in yeast. G artenberg and W ang (1993) dem onstrated that recom bination at directly repeated R -sites efficiently generates pop-out recom binants of the intervening sequences. W e have bracketed an A RS-less stretch o f chrom osom e V w ith the directly repeated R -sites and then liberated this region o f the chrom osom e as a free D N A circle w hile cells are arrested in G i phase. B ecause there is no potential origin o f replication in the free D N A circle, the sequences will rem ain at a single copy per cell until mitosis. T he excision reaction is very efficient: few er than 5% o f the cells retain an integrated copy after the 2.5 hours of galactose induction.
To explore the utility o f the excision system in tim ing repli cation, restriction fragm ents from early and late replicating chrom osom al loci were exam ined by Southern analysis (Fig.  4, top) . A m ixture o f tw o probes was used to detect the three restriction fragm ents of interest. The TRP1ARS1 1.45 kb £coR I probe detects the early replicating chrom osom al 1.45 kb fragm ent as well as a 2.9 kb fragm ent from the excised circle; the R l l 3.7 kb ZscoRI fragm ent detects the com parable late replicating chrom osom al fragm ent. From casual inspection of the autoradiogram it is difficult to see the subtle 2-fold change in intensity o f the early and late fragm ents as com pared to the non-replicating fragm ent. H ow ever, analysis o f the hybridiz ation data by phosphor im ager perm its us to generate tim e-ofreplication curves sim ilar to the density transfer profiles show n in Fig. 1 . T o generate such curves, the signal in a chrom oso mal fragm ent is divided by the signal from the non-replicating circle. The value at tim e-zero is defined as ' 1' and subsequent ratios are norm alized to this tim e-zero value to generate the fold increases. The data in Fig. 4 (bottom) represent the average values determined from two gels prepared from a single set of S-phase samples. W hile there is some scatter in the data, the differences in replication time for the two fragments is clearly evident and is consistent with the relative TrepS obtained for similar fragments from density transfer experiments. Notice also that by the end of S-phase the fold increase approaches a value of '2 ' indicating replication by almost all cells in the population as is found in density transfer experiments (Fig. 1) .
DISCUSSION
The temporal program of replication origin activation is now well documented in yeast. It appears that some and perhaps all origins would initiate replication early in S phase were it not for the influences imposed by neighboring sequences. Two or more classes of delaying elements have been discovered -the telomeric sequences C 1-3A /G 1-3T, and the non-telomeric sequences from the neighborhood of the KEX2 origins on chro mosome XIV. Exactly what these KEX2 associated sequences are and how they and the telomeric sequences function to postpone replication initiation at flanking origins are not known.
To unravel these and other undiscovered mysteries regarding the temporal program of replication initiation requires a more systematic approach than has been possible in the past. Larger surveys of the genome need to be made to search for other late replicating origins. Both ARS501 and the KEX2 origin were discovered by chance. It is certainly possible that there are other late activated origins for which the delay element is not separable from the origin. In addition, deletion analysis of the KEX2 associated delay elements needs to be undertaken. But to attempt these studies with only synchronous density transfer experiments as a tool would be expensive and slow. We have modified our timing assay by coupling the synchrony regimen with gel electrophoresis and Southern hybridization. The detection of the transient resistance to Dpnl cleavage of chromosomal DNA fragments that are replicated in the presence of the E. coli dam methylase is rapid and rel atively inexpensive (compared to the expense of [13C]glucose at $600/gram). The excision assay is equally fast and inex pensive, but requires growth of cells in three different carbon sources. In our experiments, excision was quite efficient, but even if excision were inefficient, the pop-out circle generates a different sized EcoRI fragment from the integrated version so that quantitation is not compromised by inefficient excision. Furthermore, differences in fragment sizes allow simultaneous quantitation of different sequences. Most importantly, the Treps we have determined for known chromosomal fragments correlate extremely well with the values obtained in density transfer experiments.
Our results are preliminary in nature; additional compar isons with density transfer experiments will be required to determine their reliability. Each of these methods has different strengths and limitations. The methylation-based assay, once a suitable strain has been created, requires only routine syn chronization followed by quick DNA preps and Southern blotting. Furthermore, it can be applied regardless of other experimental manipulations being performed (e.g. galactose induction of the HO endonuclease). However, differences in chromatin structure in different regions of the genome can cause local variation in methylation rates and may complicate accurate timing determination for particular sequences. In addition, the method may not be applicable to experimental systems that have endogenous methylases. The comparative hybridization method is not similarly affected by chromatin structure, and may potentially be exported to other model systems. However, the assay involves more steps, and it cannot be applied in a straightforward way when other manipulations (e.g. galactose induction of the HO endonuclease) are required. The density transfer method physically separates replicated DNA from unreplicated DNA and therefore gives an absolute measure of the extent of replication. The two new methods give a relative measure of replication (maximal D pnl resistance relative to the resistance in the zero-minute sample, or copy number relative to the zero-minute sample). Therefore, 'escape replication' of the sort described by Reynolds et al. (1989) would have gone undetected by these methods. Nevertheless, even if they fail to give the precision and resolution of density transfer experiments, these techniques will be extremely useful for screening large numbers of chromosomal and plasmid sequences for their general time of replication. In addition, the simple nature of these assays might entice other investigators to this fascinating field of research.
